We report on the microscopic magnetic model of a spin-1 2 magnet BaV3O8. In contrast to earlier phenomenological analysis, our density-functional band-structure calculations combined with quantum Monte-Carlo simulations establish a relatively simple and non-frustrated model of weakly coupled spin chains with intrachain coupling J 38 K and Néel temperature TN 6 K, both in excellent agreement with experiment. The intrachain coupling between spin-1 2 V +4 ions takes place via two contiguous V +5 O4 tetrahedra forming an extended superexchange pathway with the V +4 -V +4 distance of 7.44Å. Surprisingly, this pathway is preferred over shorter V +4 -V +4 connections, owing to peculiarities in the interacting orbitals of the magnetic V +4 ions and V +5 ions that are non-magnetic, but feature low-lying 3d states contributing to the superexchange process. We also note that the crystal structure of BaV3O8 supports the long-sought uniform arrangement of Dzyaloshinsky-Moriya (DM) couplings on a spin-1 2 chain. While our calculations yield only a weak DM anisotropy in BaV3O8, the crystal structure of this compound provides a suitable framework for the search of spin chains with the uniform DM anisotropy in other compounds of the vanadate family.
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I. INTRODUCTION
Quantum spin systems reveal exotic ground states and facilitate experimental access to many-body quantum phenomena.
1,2 These interesting effects are enhanced in systems with strong quantum fluctuations, which are typically driven by the magnetic frustration, i.e., the competition between different magnetic couplings. The identification of frustrated spin systems remains an important, but also non-trivial problem in solid-state physics. The conventional criterion 3 of the Curie-Weiss temperature to the Néel temperature (θ/T N ) ratio being high (typically, θ/T N ≥ 10) is somewhat ambiguous, because the relation between the magnetic ordering temperature T N and the overall energy scale of the magnetic couplings θ reflects only the tendency of the system to avoid long-range magnetic order. This tendency may be driven by several effects, such as frustration and low-dimensionality. When the spin lattice comprises weakly coupled spin chains or spin planes, the magnetic ordering temperature may be low as well, even without the frustration. 4 Here, we focus on the spin-1 2 compound BaV 3 O 8 that was recently identified as a frustrated spin-chain magnet, following its θ/T N ratio of 5. According to Chakrabarty et al., 6 the spin model of BaV 3 O 8 can be described as a Majumdar-Ghosh chain with a J 2 /J 1 ratio of 2. This model is better known as the J 1 −J 2 spin chain and entails competing nearest-neighbor and next-nearest-neighbor couplings J 1 and J 2 , respectively. We will use densityfunctional (DFT) band-structure calculations and ensuing numerical simulations to propose an alternative magnetic model of non-frustrated spin chains with the intrachain coupling of J 38 K in excellent agreement with the experiment. Our model is also able to reproduce the experimental magnetic ordering temperature T N 6 K without invoking any magnetic frustration. Moreover, our model emphasizes another -and so far unknownfeature of BaV 3 O 8 , the formation of spin chains with the uniform Dzyaloshinsky-Moriya (DM) anisotropy, which has been long sought in spin-1 2 magnetic materials.
7,8
BaV 3 O 8 is a charge-ordered vanadium-based compound comprising V +4 and V +5 ions that show drastically different local environment (Fig. 1) .
9,10 The spin-
V +4 ion occupies the crystallographic position V2, which is octahedrally coordinated. The non-magnetic V +5 ions are in the tetrahedrally coordinated positions V1 and V3. The polyhedron of V +4 shows a strong axial distortion: the V2-O6 bond is shortened to 1.63Å (vanadyl bond), the V2-O2 bond extends up to 2.18Å, while the four remaining bonds in the equatorial plane are at 1.95−2.0Å. This peculiarity of the local environment has an immediate effect on the crystal-field levels (see also Fig. 2 ) and imposes half-filling of the d xy orbital, where xy is the equatorial plane of the octahedron.
11,12 The O2 and O6 atoms do not lie in this xy plane and do not take part in the magnetic superexchange.
11,12 Therefore, it is more convenient to consider the polyhedron of V2 as a square pyramid, with the O6 atom removed.
The crystal structure of BaV 3 O 8 visualized in terms of the V +4 O 5 pyramids and V +5 O 4 tetrahedra is shown in Fig. 1 . It entails [VOV 2 O 7 ] layers built by the pyramids and tetrahedra. The connections between the neighboring pyramids along b are provided by double bridges of the V +5 O 4 tetrahedra, whereas longer connections along a go through two contiguous tetrahedra (Fig. 1, left) . Two neighboring layers form a bilayer. The bilayers separated by the Ba +2 cations are stacked on top of each other along c.
II. METHOD
In order to understand the magnetism of BaV 3 O 8 on the microscopic level, we perform DFT band-structure arXiv:1308.5305v2 [cond-mat.mtrl-sci] 8 Jan 2014
calculations and evaluate individual exchange couplings. The calculations are done in the framework of the local density approximation (LDA) 13 and the generalized gradient approximation (GGA) 14 in the full-potential local-orbital code FPLO 15 and projector-augmented-wave code VASP5.3.
16 Reciprocal space was sampled with 518 k-points for the crystallographic unit cell (symmetryirreducible part of the first Brillouin zone), 64 k-points for the two-fold supercells (48 atoms) used in the evaluation of isotropic exchanges, and 18 k-points for the four-fold supercell (96 atoms) used in the evaluation of anisotropy parameters. The convergence with respect to the k-mesh was carefully checked.
Vanadium atoms entail strongly correlated 3d electrons that are not properly treated within LDA or GGA. We circumvented this problem by two different methods. First, we mapped relevant LDA bands onto a tightbinding model and further onto a Hubbard model that in the case of half-filling and strong correlations can be reduced to the Heisenberg model with the antiferromagnetic (AFM) exchange couplings J AFM i = 4t 2 i /U eff , where t i are hopping parameters derived from the LDA bands and U eff = 4 eV is the effective on-site Coulomb repulsion on the vanadium site.
17,18 Alternatively, we obtained total exchange couplings J i by mapping energies of collinear spin configurations onto the classical Heisenberg model. The total energies were obtained within GGA+U 19 with the on-site Coulomb repulsion U d = 3 eV (FPLO), U d = 4 eV (VASP) and on-site Hund's exchange J d = 1 eV (both codes). 17, [20] [21] [22] Here, we had to adjust the value of U d according to different basis sets used in the two codes.
We have also evaluated magnetic anisotropy parameters of the general spin Hamiltonian:
where ij denotes the summation over all bonds of the spin lattice, and D ij are DM vectors (antisymmetric anisotropic exchange). The procedure is similar to that of the GGA+U evaluation of J i , but we have to use fourfold supercells, perform calculations with the spin-orbit coupling, and consider non-collinear spin configurations as well.
23-25
Thermodynamic properties of the microscopic magnetic model were obtained by quantum Monte-Carlo (QMC) simulations using the loop algorithm 26 of the ALPS-1.3 simulation package. 27 We performed simulations for L × L/2 × L/4 finite lattices with L ≤ 32 and periodic boundary conditions. The lattice shape was adjusted 28 in order to match different correlation lengths of a quasi-one-dimensional (1D) spin system of BaV 3 O 8 .
III. RESULTS
We start by comparing different structural data reported in the literature. The crystal structure of BaV 3 O 8 was initially refined in the monoclinic space group P 2 1 (Ref. 9 ) and later re-determined in the higher-symmetry space group P 2 1 /m (Ref. 10) . In Ref.
6, yet another refinement in the P 2 1 /m group has been reported. We find the lowest energy for the original P 2 1 /m structure. The P 2 1 structure lies 0.16 eV/f.u. higher in energy. Therefore, the centrosymmetric space group P 2 1 /m should be indeed preferred over its non-centrosymmetric subroup P 2 1 . The data from Ref. 6 appear to be very inaccurate and lead to the 8.49 eV/f.u. higher total energy. Indeed, these data reveal a skewed three-fold coordination of V1 and very high refinement residuals, 6 which are well above the standard reliability threshold.
In the following, we will only consider the P 2 1 /m structure, as reported in Ref. 10 . The relevant LDA band structure is shown in Fig. 2 and features O 2p bands between −7 eV and −2 eV followed by the V 3d bands above −0.5 eV. We can clearly see the difference between the +5 are mostly found above 1 eV. Note that the LDA band structure is metallic, because the LDA fails to account properly for strong correlation effects in the V 3d shell. By using the LSDA+U or GGA+U methods, we are able to restore the insulating state with a typical band gap of 2.0 eV at
A closer look at the V +4 bands reveals crystal-field levels, which are expected for a 3d ion in a distorted octahedral environment. The order of levels is as follows: ε xy < ε yz ε xz < ε x 2 −y 2 < ε 3z 2 −r 2 , where we use the local coordinate frame with the z axis directed along the short V-O bond in the axial position of the octahedron, while x and y follow equatorial bonds in the basal plane, but are kept perpendicular to z. A decent description of the magnetism can be obtained from an effective one-orbital model including only the half-filled d xy states (Fig. 3 ). An extended model with three orbitals can be constructed as well, 17, 18, 21, 29 but in our case it does not provide any additional information, because the hoppings from the half-filled d xy orbital to the empty d yz and d xz orbitals are negligibly small. The d 3z 2 −r 2 and d x 2 −y 2 orbitals lie above 1.0 eV and strongly hybridize with the V +5 states (see Fig. 2 ) that hinder the reduction to an effective model containing V +4 orbitals, only. Relevant hoppings between the d xy states are listed in Table I . The unit cell of BaV 3 O 8 features two V +4 ions from two different layers ( Fig. 1, right) . Owing to the weak interlayer coupling, the d xy bands are close to double degeneracy (Fig. 3 ). They show a strong dispersion along the Γ − Y and Y − M directions, which could imply sizable hoppings along both a and b. However, a quantitative analysis using Wannier functions 30 suggests that the leading AFM coupling is J a running along the a direction, while the coupling J b along b is much weaker (Table I ). The interlayer couplings follow the structural bilayers. The coupling within the bilayer J ⊥1 is stronger than the coupling between the bilayers J ⊥2 . A weak frustration may be induced by the diagonal coupling J ab in the ab plane, but its low value (J AFM ab
) indicates a minor role of this frustra- 
tion in the microscopic magnetic model. Indeed, even a non-frustrated spin model provides quantitative description of the experimental data.
The GGA+U calculations support the results of our model analysis (Table I) These hoppings support the FM spin arrangement according to Hund's coupling in the V 3d shell. However, a quantitative description of this effect remains challenging, because the d x 2 −y 2 and d 3z 2 −r 2 states are heavily mixed with those of V +5 . It is quite difficult to make a link between our model and the earlier empirical J 1 − J 2 model by Chakrabarty et al. 6 The interaction J a is a nearest- neighbor coupling. However, it is likewise a long-range coupling connecting two V +4 ions that are separated by 7.43Å. One could hardly envisage any further, nextnearest-neighbor coupling along a that would be strong enough to induce any appreciable frustration. Indeed, we do not find such a coupling in our microscopic analysis. The J 1 − J 2 chains can be probably formed along other directions (either b or c), but the respective interactions are quite weak and render the ensuing frustration a secondary effect compared to the much larger, non-frustrated coupling J a . Therefore, we conclude that the spin system of BaV 3 O 8 is quasi-one-dimensional (1D) and only weakly frustrated. The frustration may originate from weak interchain interactions, but, as we will show below, it has no visible effect on the magnetic ordering temperature T N .
Our microscopic results are rather unexpected and contrast with the earlier knowledge on the superexchange in systems with non-magnetic polyanions. The shorter coupling J b runs via a double bridge of the V +5 O 4 tetrahedra (Fig. 1, left) . Superexchange pathways of this type are rather efficient in phosphates, where properly aligned double bridges of PO 4 tetrahedra mediate sizable couplings, with J reaching 100 − 150 K. 31, 32 However, in BaV 3 O 8 a similar pathway generates a relatively weak coupling J b that is exceeded by J a , even though J a entails a much longer V-V pathway with two contiguous VO 4 tetrahedra (Fig. 1, left) . The pathways of two contiguous non-magnetic tetrahedra are generally considered inactive in the superexchange. They do not induce any sizable and experimentally relevant couplings in the majority of Cu +2 and V +4 phosphates. 12, 33 The only measurable coupling of this type is perhaps the interdimer exchange in BaCuSi 2 O 6 . It amounts to 7 − 8 K according to the inelastic neutron scattering data 34 and DFT calculations.
35
The nature of the superexchange couplings is elucidated by the Wannier functions based on the d xy orbitals of V +4 (Fig. 4) (BaVOV 2 O 7 ) . Now the spin chains are directed along b according to the the shorter pathway for J b , while the coupling along a is basically eliminated.
The role of V +5 can be clearly seen from the nature of the states in the vicinity of the Fermi level (Fig. 2) . The low-lying 3d states of V +5 provide 23.6 % of states compared to 12.5 % states of the O 2p origin. By contrast, in the fictitious BaVOAs 2 O 7 , the contribution of O 2p increases to 23.8 %, whereas that of As +5 is 11.0 %, only. The large contribution of the V +5 ions is also well seen in the V +4 d xy -based Wannier functions (Fig. 4) . To compare our microscopic magnetic model with the experimental data, we first note that the spin lattice of BaV 3 O 8 is quasi-1D, so that its thermodynamic properties should be well described by a well-known model of a uniform spin-1 2 chain. Indeed, the experimental magnetic susceptibility can be fitted with the analytical expression for the uniform spin chain 36 and yields J a 39 K, g 1.99, χ 0 1.1 × 10 −4 emu/mol (Fig. 5) . The resulting value of J a is in excellent agreement with DFT (Table I) , whereas the g-value slightly below 2.0 is quite typical for V +4 compounds. 18, 37, 38 Similar to Ref. 6 , our fit does not extend below 10 − 15 K, where interchain couplings and the proximity to the AFM transition lead to deviations of the susceptibility from the 1D model. Nevertheless, our model should be preferred even on phenomenological grounds, because we successfully describe the susceptibility data using only one J parameter, compared to Ref. 6 , where three parameters (J 1 , J 2 , and an interchain coupling) have been used. Moreover, the uniform-chain model is well-justified microscopically. The long-range magnetic order is largely determined by the interchain couplings J b , J ⊥1 , and J ⊥2 . However, a precise QMC simulation for this coupling regime is impossible because of the weak frustration pertaining to J ⊥1 and J ⊥2 . 39 We consider a simplified model and assume uniform, non-frustrated couplings J eff ⊥ that connect the layers along the c direction (same couplings within the bilayer and between the bilayers). We deliberately choose J eff ⊥ = 1 K, which is the upper estimate of the interlayer exchange (Table I) , and show that even this regime of an overly strong interlayer coupling leads to a realistic estimate of T N . This way, we conclude that the properties of BaV 3 O 8 are not influenced by the frustration.
We set J b /J a = 0.17 and J (Fig. 6 ).
40
Universal scaling properties ensure that B(T N ) does not depend on the cluster size L at T N . Therefore, we get a precise estimate of T N /J a 0.15 as the crossing point of the B(T ) curves calculated for different L. We find T N 6 K in remarkable agreement with the experiment (T N = 5.5 − 6.0 K). (Fig. 1, right) . Therefore, individual layers lack inversion symmetry, so that the DM interactions are allowed for both J a and J b . Moreover, the lattice periodicity along both a and b (Fig. 1, left) requires that every bond of J a or J b type features exactly the same DM vector (Fig. 7) . This is very different from the majority of anisotropic spin chains, where the unit cell includes two or more chain segments, the neighboring segments are related by a screw-axis or glide-plane symmetry, and a staggered (alternating) arrangement of the DM vectors is observed.
41
The mirror plane that is perpendicular to the b axis and contains all V +4 ions of the same spin chain implies that both x and z components of D a are zero by symmetry (Fig. 7) . 42 However, its y-component is non-zero, and indeed we find D y a 0.1 K, while D x a and D z a are below 0.01 K and, thus, equal to zero within the accuracy of our computational method. 43 The DM vector D b should lie in the ac plane, but its value is also well below the accuracy of our method, because even the isotropic exchange J b is quite weak. Nevertheless, an important and robust finding is that BaV 3 O 8 features at least a weak DM anisotropy |D a |/J a 0.003, which is allowed by symmetry, and this anisotropy is uniform along the a and b directions. In the following, we will discuss possible implications of this result for other vanadate compounds.
IV. DISCUSSION AND SUMMARY
We have shown that the magnetism of BaV 3 O 8 is well described by a model of weakly coupled non-frustrated spin chains running along the crystallographic a direction. The coupling regime of this compound is largely determined by the V +5 ions with low-lying 3d orbitals that contribute to the "magnetic orbitals" (d xy -type Wannier function centered on V +4 , Fig. 4 ) and influence the electron hoppings. The effect of ions centering non-magnetic tetrahedra is well-known from earlier studies. 33 However, the case of BaV 3 O 8 is somewhat special, because V +5 eliminates the anticipated coupling along b (shorter V +4 -V +4 pathway, double bridge of the VO 4 tetrahedra: Fig. 7 , bottom) and triggers the unanticipated coupling along a (longer V +4 -V +4 pathway, a bridge of two contiguous VO 4 tetrahedra: Fig. 7, top) . This microscopic regime calls for a further analysis of the magnetic exchange in vanadate compounds.
Many of the Cu +2 and V +4 vanadates show the coupling regime, which is at least qualitatively similar to that of phosphates, arsenates and other compounds with non-magnetic polyanions that do not feature low-lying empty d orbitals. Double bridges of the V +5 O 4 tetrahedra typically lead to a sizable AFM coupling, as in β-Cu 2 V 2 O 7 (J 60 K) 44 and CsV 2 O 5 (J 90 K).
45
Single bridges of the V +5 O 4 tetrahedra lead to a weaker exchange, as in Pb 2 V 3 O 9 (J 1 31 K, J 1 20 K).
17 However, this trend is broken in a structurally related compound Sr 2 V 3 O 9 with J 82 K running through a single VO 4 tetrahedron.
11 BaV 3 O 8 shows a further departure from this general trend, because the double bridges become very inefficient (J b 6 K), but longer pathways of two contiguous tetrahedra play an important role instead.
We argue that not only the nature of the bridge and not only the number of the bridging tetrahedra, but also subtle details of their mutual orientation play decisive role for the superexchange in vanadates. In contrast with β-Cu 2 V 2 O 7 and CsV 2 O 5 , the two VO 4 tetrahedra of the double bridge (J b ) in BaV 3 O 8 are not related by the inversion symmetry. They are found on one side of the chain (Fig. 1, right and Fig. 7, bottom) , which is what probably makes the microscopic scenario of BaV 3 O 8 so different from that of the previously known compounds. Two other examples should be mentioned as well. BaAg 2 Cu(VO 4 ) 2 entails spin chains with the magnetic CuO 4 units bridged by VO 4 tetrahedra. Two slightly nonequivalent structural chains are drastically different in terms of their magnetism, because tiny differences in the positions of the VO 4 tetrahedra render the coupling either FM or AFM. 46 This example demonstrates the crucial role of structural details in vanadate compounds. Yet another example is given by the ACuV 2 O 7 compounds (A = Sr, Ba) that are remarkably similar to BaV 3 O 8 and feature same structure of the layer (Fig. 1, left) , with the VO 5 square pyramids replaced by the CuO 4 planar units. Leading magnetic couplings in ACuV 2 O 7 are FM, 47 although the long-range nature of these couplings should induce AFM exchange. While details of the magnetic model of ACuV 2 O 7 are not known yet, their microscopic analysis could be insightful.
An interesting aspect of the vanadate compounds is their ability to form spin chains with the uniform DM anisotropy. The presence of the DM anisotropy and the mutual orientation of the DM vectors are determined by different aspects of the crystal structures and chemical composition. While these features are hard to track systematically, it is remarkable that vanadates and only vanadates feature relevant structural details: i) the lack of the inversion symmetry between the magnetic ions; ii) one chain segment per crystallographic unit cell. The latter feature implies that neighboring segments of the chain are related by the translation symmetry and host exactly the same DM vectors, in contrast to a more conventional regime of alternating DM vectors (staggered DM anisotropy).
The regime of the uniform DM anisotropy on a spin chain hitherto lacks any material prototypes, while theory supplies intriguing predictions 7, 8 that still await their experimental verification. The weak DM anisotropy should trigger a weak helical modulation along the chain direction, whereas a stronger anisotropy leads to a dimerized AFM phase.
8 These phases could be probed by neutron-scattering experiments. Moreover, interesting predictions regarding the line splitting in electron spin resonance spectra are available.
7
Although BaV 3 O 8 features only a weak DM anisotropy, it gives ideas for a deliberate design of materials with larger DM vectors uniformly arranged on a spin-1 2 chain. For example, one could switch the chain direction and exploit the DM couplings generated by double bridges of the VO 4 tetrahedra (J b ), as opposed to the bridges of two contiguous tetrahedra in the J a coupling in Similar effects should be expected in the structurally related ACuV 2 O 7 with A = Sr and Ba, 47 although the direction of spin chains in these compounds is yet to be determined.
In summary, we have shown that the spin- Néel temperature of T N 6 K is reproduced even in a non-frustrated spin model assuming the strongest possible interchain coupling. The combination of the magnetic V +4 and non-magnetic V +5 ions causes the admixture of the low-lying but empty 3d states of V +5 to the half-filled states of V +4 , thus triggering an unusual coupling regime. Remarkably, the spin chains are directed along a, even though the respective coupling J a features a very long superexchange pathway that was previously deemed unfavorable for the superexchange. The shorter pathway along b results in a weaker coupling. We argue that BaV 3 O 8 is a rare compound showing the uniform arrangement of the DM vectors along the spin chains.
While the DM anisotropy in BaV 3 O 8 is quite weak, general trends evidenced by this compound suggest future directions for the search of systems with uniform DM anisotropy.
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This approach requires that the energies of 4N spin configurations are calculated to obtain N couplings J i . Computationally, this approach is rather inefficient, but it largely simplifies the analysis of complex magnets with multiple, heavily intertwined exchanges J i . Let's compare these two methods for a simple system with 4 magnetic atoms in the unit cell. Suppose we want to obtain the coupling J 12 . The standard mapping analysis can be done with only two spin configurations, and naively
but in fact other couplings may be present as well. The complete expression for the energy difference is:
where we took into account that atoms 1 and 1 are related by symmetry, hence the coupling J 1 2 is always added to J 12 .
The four-configuration approach solves one of the problems. It disentangles J 12 from other couplings within the same unit cell: 
Then,
However, this four-configuration approach does not break the relation between J 12 and J 1 2 , because the atoms 1 and 1 remain translationally equivalent. The four-configuration approach is particularly useful in situations when the presence of multiple exchange couplings can be envisaged. The ambiguity related to the translation symmetry is removed by increasing the unit cell. For example, in a doubled supercell atoms 1 and 1 are no longer equivalent, hence J 12 and J 1 2 can be obtained independently.
The evaluation of J i from total energies can be easily generalized to magnetic anisotropy parameters by including the spin-orbit coupling and choosing the direction of spins. For example, Eq. (S2) with spins directed along x, y, and z yields diagonal terms of the symmetric anisotropy tensor, J xx pq , J yy pq , and J zz pq , respectivly. The DM interactions couple different component of spins p and q. Therefore, we should direct spin p along, e.g., x and spin q along y to obtain the z-component of the DM vector D pq .
The four-configuration approach becomes especially useful for magnetic anisotropy parameters that change their signs and directions when going from one bond to another. It is usually more convenient to focus on a single Symmetry arguments require that D 12 = −D 21 and, given a sufficiently high symmetry, certain components of the DM vectors are zero. These constraints can be used to validate our computational approach and make sure that the calculated DM vectors, despite being diminutively small (typically, below 1 meV), are reliable. Here, we do it for VOHPO 4 · 0.5H 2 O, a system of weakly coupled magnetic dimers residing between the structural dimers (Fig. S2) . 49 In VOHPO 4 ·0.5H 2 O, the intradimer coupling connects two V 4+ ions related by the mirror symmetry (σ x plane perpendicular to the a axis). Therefore, the DM vector should lie in this plane (D x = 0). Additionally, both V We have also computed the isotropic exchange J 71 K (compare to the experimental 31 J 91 K) and evaluated |D|/J 0.008, which is of the correct order of magnitude, but lower than the available experimental estimate of |D|/J 0.02, see Ref. 50 . Extensive benchmark tests for a broader range of compounds are presently underway and will be published elsewhere. Nevertheless, already our first results demonstrate the excellent performance of the total-energy, four-configuration approach to the evaluation of DM couplings in insulators.
